In contrast to previous studies, Ljung et al. provide evidence of permanent cognitive consequences of bilateral intrahippocampal depth electrodes for verbal memory in patients who were not operated or operated in the right temporal lobe. Stimulated by this, we provide historical confirmatory and supplementary evidence of the detrimental effect of bilateral depth electrodes implanted along the longitudinal axis of the hippocampus on verbal learning and especially on delayed verbal memory and recognition performance. This is demonstrated in 31 patients with memory assessments before implantation, after explantation, and 3 months later after left/right temporal lobe surgery. After surgery, significant recovery from postimplantation impairment is found in right temporal patients. Left temporal resection patients stay on the level seen after implantation and do not recover.
Summary
In contrast to previous studies, Ljung et al. provide evidence of permanent cognitive consequences of bilateral intrahippocampal depth electrodes for verbal memory in patients who were not operated or operated in the right temporal lobe. Stimulated by this, we provide historical confirmatory and supplementary evidence of the detrimental effect of bilateral depth electrodes implanted along the longitudinal axis of the hippocampus on verbal learning and especially on delayed verbal memory and recognition performance. This is demonstrated in 31 patients with memory assessments before implantation, after explantation, and 3 months later after left/right temporal lobe surgery. After surgery, significant recovery from postimplantation impairment is found in right temporal patients. Left temporal resection patients stay on the level seen after implantation and do not recover.
Surgery, however, has its own effects in addition to the implantation. Intracranial electrodes for electroencephalographic monitoring or electrical stimulation are commonly and increasingly used for diagnosis or treatment in pharmacoresistant epilepsies. Thus, the monitoring of invasive stereotactic approaches is recommended to find safe procedures for the patients. In response to the findings, we restricted indications and used different implantation schemes, different trajectories, and targets to minimize the risk of additional damage.
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| INTRODUCTION
Hanna Ljung et al. 1 published a study on the effects of bilaterally implanted intrahippocampal depth electrodes on verbal memory performance in 16 epilepsy patients who were candidates for temporal lobe epilepsy (TLE) surgery. The follow-up data suggest that the patients are at risk of a sustained loss in verbal memory due to the implantation. The peculiarity of this study is that patients were evaluated who either did not undergo subsequent surgical treatment (n = 12) or who underwent right temporal lobe surgery (n = 4). The resections did not involve left temporal lobe structures that are especially relevant for verbal memory. The verbal memory outcomes of this group were compared to those of a matched group of patients who did not receive depth electrodes. In the implanted group, 56% showed a decline in verbal memory, in contrast to 21% of the nonimplanted controls.
If, as proposed by Ljung et al., depth electrodes have negative functional consequences apart from what can be considered a complication, the cost-benefit ratio of implantations needs to be reconsidered. In addition, this is of interest for patients with permanently implanted depth electrodes for electrical (deep) brain stimulation.
Ljung et al. consider their study to be the first demonstrating verbal memory decline due to intrahippocampal depth electrodes. The findings contrast with studies that did not find negative cognitive effects of depth electrodes, invasive electroencephalographic (EEG) monitoring, or deep brain stimulation. [2] [3] [4] [5] [6] [7] However, the well-known "place- In our own study from 1997, we compared the outcomes of right temporal lobe resected patients with and without bilateral intrahippocampal depth electrode recordings and did not find an effect on verbal memory. 2 Later, in 2002, when evaluating a much larger sample, we observed an implantation effect in right TLE patients when assessed 3 months after surgery. 10 This effect was no longer detectable when the same patients were reevaluated 12 months after surgery. 11 In addition, we reported significant and lasting memory impairment in 2 patients who were retested when being implanted, in the first case for invasive EEG before epilepsy surgery, in the other for hippocampal brain stimulation as part of the CoRaStir study (ClinicalTrials.gov identifier: NCT00431457).
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Motivated by the Ljung study, we herewith report data gathered in the late 90s from 31 patients who received bilateral intrahippocampal depth electrodes for invasive EEG recordings as part of their presurgical workup. This serial monitoring of the implantation was stimulated by complaints of some patients about severe memory problems during implantation, which could be confirmed by objective testing. Thus, in contrast to previous studies, we assessed memory performance thrice (prior to implantation of intrahippocampal depth electrodes, in the days after to electrode explantation, and 3 months after surgery) using a sensitive verbal memory test with parallel forms.
| MATERIALS AND METHODS
The study is retrospective and based on data from 31 consecutive patients with unilateral TLE who all had bilateral depth electrodes for invasive electroencephalographic evaluation and subsequently underwent epilepsy surgery. Demographic and clinical characteristics are given in Table 1 and did not differ between the 21 left and 10 right TLE patients. According to visual magnetic resonance imaging inspection in combination with volumetry and spectroscopy, the contralateral hippocampus was not pathological in the investigated sample. Two patients were the exception ( Table 1) .
The implantation scheme was the same as in the study by Ljung et al. 1 (see Figure 1A ,B). The neuropsychological assessment focused on the critical function of verbal learning and memory using the Verbal Learning and Memory Test (VLMT), the German adaptation of the Rey Auditory Verbal Learning and Memory Test. 13 The VLMT requires learning 15 unrelated words over 5 trials with immediate recall, free recall after distraction, and again after a halfhour delay, and recognition. The VLMT provides parallel test versions and has been extensively validated in regard to left temporal lobe function and pathology.
14 All patients underwent a baseline assessment before implantation of depth electrodes (T1), a second evaluation in the days after the explantation (T2), and a third assessment at a standard interval of 3 months after surgery (T3). Assessments were performed after an interval of at least 24 hours after the last seizure and under a relatively stable drug regimen that was already preoperatively arranged for the time after surgery. 15 On a group level, we performed repeated measures analysis of variance and separate t tests for dependent measures. Individual level analysis comprised the frequencies of impaired performance compared to normative data of 488 healthy controls (100 with retests) and determination of frequencies of significant individual changes by use of reliable change indices.
| RESULTS
The memory performance (ie, number of correctly retrieved words) for each trial of the VLMT at the 3 times of assessment (T1-T3) is displayed in Figure 2A ,B. The frequencies (%) of impairment at baseline and before implantation (T1) and at 3 months after surgery (T3) as well as the percentage of significant individual losses and gains from baseline (T1) to the postexplantation assessment (T2), and from T2 to T3 can be found in the tables under the figures. At baseline (T1), the left and right-operated group showed impaired verbal learning (trials 1-5), memory (trial 7 delayed free recall), and recognition (correctly recognized words minus errors) in 29%, 43%, and 24% versus 20%, 10%, and 20%, respectively. In the days after the explantation of the electrodes (T2), the memory performance of the right temporal group had significantly dropped in 60%-70% of the cases, and 20%-40% showed a significant improvement from the assessment after explantation (T2) to 3 months after surgery (T3). One patient additionally deteriorated due to surgery. In the left temporal group, 52%-67% had significantly worsened after explantation (T2), and from T2 to T3 29%-43% declined due to surgery, whereas 14%-19% showed significant improvement. At T3, parameters of verbal memory were impaired in 40%-50% of the right, and in 62%-71% of the left-operated group.
Repeated measures multivariate analysis of variance with learning, memory, and recognition performance as dependent variables, the time of assessment (T1, T2, and T3) as within-subject factor, and side of surgery as between-subject factor revealed general left-right differences in the memory | parameters (F = 3.2, P = .04) and a highly significant effect of test repetition (F = 7.5, P < .001), but no interaction effect of test repetition by side of surgery (F = 1.0, P = .43). t Tests for dependent measures for learning, memory, and recognition, calculated separately for the left and right temporal group, indicated significant losses from T1 to T2 in both groups (statistical parameters ranging between t = 2.3, P < .05 and t = 4.6, P < .001). After surgery within the right temporal lobe, a significant recovery from T2 to T3 was indicated for learning and memory (t = À2.5 and À3.0, P < .05) but not for recognition. Patients who underwent resections within the left temporal lobe did not recover at all. From baseline to the postoperative assessment (T1-T3), a significant deterioration of all memory parameters was observed (t between 4.6 and 7, P < .001).
For the group resected within the right temporal lobe, a significant drop in recognition memory could be discerned (t = 2.9, P = .019).
| DISCUSSION
The recent study by Ljung et al. 1 suggests a significant loss in verbal memory due to bilateral intrahippocampal depth electrodes implanted along the longitudinal axis of the hippocampi for intracranial electrophysiological examinations. Stimulated by this, we decided to contribute to the issue with the publication of data that we collected in the late 1990s from patients who were evaluated by use of the same implantation scheme and that have the potential to provide explanations on what has been reported so far. Focusing only on preoperative memory and the memory outcome 3 months after surgery, results show the expected outcome; left temporal patients were more often impaired in verbal learning and memory before surgery, and surgery caused significant additional loss. 12 The right temporal group was rarely impaired before surgery, and postoperative | changes were mostly not significant. A drop in recognition memory after right-sided surgery was the exception, which one could attribute to the left intrahippocampal depth electrode. This mirrors the finding for right temporal resected patients reported in our study from 2002 that compared the pre-to postsurgical memory performance in a large group of 140 patients with or without bilateral intrahippocampal depth electrodes. 10 In 2004, with a longer follow-up, this finding was not replicated. That study, however considered implantation as one of multiple factors within an explorative multivariate regression analysis.
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Additional memory assessment after electrode explantation, however, tells a different and more detailed story. A considerable loss in verbal learning and memory is indicated. Up to 70% of the right and up to 67% of the left temporal lobe patients showed a significant deterioration after implantation. The loss was particularly evident in the delayed recall and recognition measures, which have been demonstrated to show strong correlations with left hippocampal pathology.
14 Memory decline after bilateral hippocampal implantation was pronounced in the right temporal group, whose left hippocampus could be assumed to be mostly not pathological. Later on, this group largely recovered from the sequels of the implantation, although the absolute number of impaired patients increased when compared to baseline. The left group, in contrast, did not recover and implantation appears to anticipate the effects of surgery. Unfortunately, resected specimen from the 1990s are no longer available, but we are able to provide a histopathological illustration of a resected specimen from a recently implanted patient that demonstrates the structural remains of the implantation. The structural damage displayed in Figure 3 stems from an orthogonal electrode implanted in the parahippocampal cortex and may allow extrapolation of the structural damage from electrodes implanted along the longitudinal axis of the hippocampus. Surgery, apart from implantation, has its own effects, as indicated by the number of patients with significant individual memory decline between T2 and T3 in left-operated patients.
The limitations of our study comprise (1) its retrospective design, (2) the small sample size, (3) lack of matched nonimplanted control subjects, and (4) the limited followup interval of 3 months after surgery.
Overall, the results are in line with the findings by Ljung et al., although our short-term 3-month follow-up cannot confirm negative long-term consequences. The current results add to the study by Ljung et al. by demonstrating how severe the acute mnestic losses due to the intrahippocampal depth electrodes can be and that patients mostly recover from the implantation effect. This in addition to the methodological differences of previous studies including the choice of differentially sensitive memory tests may explain the inconsistent findings so far. The results nevertheless raise concerns. Hippocampal depth electrodes in functional tissue beyond the subsequent resection site (eg, contralateral to a lesion) are associated with the risk of additional memory deficits that are reversible to some extent. Histological findings, however, suggest persisting structural damage in the implanted nonresected hippocampus (Figure 3) . At our center, we therefore restricted implantations to 1 hippocampus whenever possible and later we changed to stereotactic implantations with lateral depth electrodes, placed orthogonally to the long axis of the hippocampus, 16 thereby minimizing the potential hippocampal damage. However, the question remains how to implant patients for intracranial EEG ahead of hippocampal thermocoagulation. Future prospective studies with variations of standard implantation schemes would be appreciated to determine which implantation methods are safer. In the end, the decision for or against invasive monitoring always depends on the specific clinical case, with an individual cost-benefit ratio.
Finally, we would like to make an important note for those using depth electrodes for doing cognitive neuroscience. If, and we provide evidence for this, the electrodes cause transitory or even permanent damage that is functionally relevant, then a freshly lesioned structure is evaluated, independent of whether the tissue is involved in epilepsy or putatively nonaffected and "normal."
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